Introduction {#S1}
============

Prolonged alcohol dependence is known to produce neurodegeneration and cognitive decline that may be specifically associated with a common drinking pattern characterized by periods of heavy consumption followed by periods of abstinence ([@R27]; for review, see [@R15]). This intermittent pattern of intake is known to progressively increase the incidence of seizures during periods of withdrawal from alcohol ([@R2]; [@R37]; [@R41]). Retrospective analyses of patient records have established a significant relationship between multiple prior withdrawals and seizures during acute withdrawal ([@R23]; [@R3]; [@R42]; see [@R15] for a review). Brain volume abnormalities and cognitive decline are also thought to be expedited in dependent individuals who have experienced multiple seizures or detoxifications. For example, [@R40] reported that temporal lobe white matter volume was inversely associated with prior alcohol withdrawal seizures. [@R16] reported deficits in inhibitory control of prepotent motor responses in alcohol-dependent individuals that were statistically associated with a history of a greater number of prior detoxifications. [@R25] similarly reported that patients with a history of multiple prior detoxifications showed delays in their cognitive recovery at 3 months post detoxification, when compared with those with fewer prior detoxifications.

Use of preclinical models of chronic intermittent ethanol (CIE) in rodents suggests that CIE exposure increases the rate, intensity, and duration of subsequent seizures (Stevens et al. 2001; [@R43]), decreases the development of subsequent long-term potentiation ([@R39]), and produces neurodegeneration of the hippocampal formation ([@R13]; [@R12]; [@R48]). For example, mice exposed to 3 cycles of vaporized ethanol for 16 hours a day followed by 8 hours of ethanol withdrawal demonstrated significant increases in handling-induced convulsions and electroencephalogram (EEG) activity ([@R44]). As another example, [@R48] reported that a CIE model employing gavage ethanol administration produced neurodegeneration of the medial temporal lobe and working memory deficits in rats. In vitro, cultured cortical neurons were exposed to a CIE treatment regimen of 75 mM ethanol for 14 hours followed by 10 hours of withdrawal from ethanol, and repeated a total of 5 times and terminated by either a 2 or 5 day period of withdrawal ([@R33]). Western blot and immunoblot analyses revealed that CIE produced selective increases in GluN1 and GluN2B subunit expression on the surface membrane. While collectively, these studies demonstrate that neuroadaptive changes in excitatory neurotransmission are produced by CIE, the functional role of the NMDA receptor in mediating these neurodegenerative effects has yet to be established. The purpose of the present studies was, therefore, to examine the distinct roles of ethanol exposure and ethanol withdrawal, as well assess the influence of the NMDA receptor in promotion of hippocampal neurodegeneration produced by CIE in rat hippocampal explants.

Materials and Methods {#S2}
=====================

Preparation of Organotypic Hippocampal Slice Cultures {#S3}
-----------------------------------------------------

Whole brains from eight-day-old Sprague-Dawley rats (Harlan Laboratories; Indianapolis, IN) were aseptically removed and transferred to culture dishes containing frozen dissecting medium composed of Minimum Essential Medium (MEM; Invitrogen, Carlsbad, CA), 25 mM HEPES (Sigma, St. Louis, MO), and 50 µM streptomycin/penicillin (Invitrogen). Bilateral hippocampi were then removed and transferred to plates containing culture medium composed of dissecting medium, distilled water, 36 mM glucose (Fisher, Pittsburg, PA), 25% Hanks' Balanced Salt Solution (HBSS; Invitrogen), 25% (v/v) heat-inactivated horse serum (HIHS; Sigma), and 0.05% streptomycin/penicillin (Invitrogen). Excess hippocampal tissue was removed using a stereoscopic microscope and unilateral hippocampi were sectioned at 200 µM using a McIlwain Tissue Chopper (Mickle Laboratory Engineering Co. Ltd., Gomshall, UK). Three to 4 intact hippocampal slices were plated onto Millicell-CM 0.4 µM biopore membrane inserts containing 1 mL of pre-incubated culture medium, with each plate containing 18 to 24 intact hippocampal slices. The tissue was maintained in an incubator at 37°C with a gas composition of 5% CO~2~/95% air for 5 days before any experiments were conducted. Care of all animals was carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23, revised 1996), as well as the University of Kentucky's Institutional Animal Care and Use Committee. All experiments included in the present report were replicated using at least two different rat litters.

CIE Treatment Regimen {#S4}
---------------------

The current studies examined the number of cycles of CIE required to produce cytotoxicity in hippocampal slice cultures. At 5 days in vitro (DIV), slices were assigned to one of the following treatment conditions: 1) 1 cycle of CIE, in which slices were exposed to medium or medium containing 50 mM ethanol for 5 DIV, followed by a 24-hour withdrawal period; 2) 2 cycles of CIE, in which slices were exposed to medium or medium containing 50 mM ethanol for 5 DIV, followed by a 24-hour withdrawal period, and repeated two times; 3) 3 cycles of CIE, in which slices were exposed to medium with or without 50 mM ethanol for 5 DIV, followed by a 24-hour withdrawal period, repeated a total of three times; 4) continuous ethanol exposure, in which slices were maintained in medium with or without50 mM ethanol for 18 consecutive days, in the absence of any withdrawal, and fixed ([Figure 1](#F1){ref-type="fig"}). An additional study assessed the effects of 3 cycles of CIE and protracted withdrawal for 7 days on neuron specific nuclear protein (NeuN) immunofluorescence. Slices were exposed to medium with or without 50 mM ethanol for 5 DIV, followed by a 24-hour withdrawal period, repeated a total of three times, followed by 7 days of withdrawal. This concentration of ethanol (50 mM) was selected in order to reflect binge alcohol use ([@R17]; [@R19]). For example, prior studies conducted in our laboratory demonstrate a decline in the actual ethanol concentration over the 5-day exposure (i.e., from 198.39 mg/dl to 123.93 mg/dl) ([@R7]). During each 5-day exposure period, ethanol and controltreated slices were maintained inside of Ziploc bags filled with 5%CO~2~/95% air and water bath solutions containing either distilled water (50 mL) for control plates or distilled water (50 mL) containing 50 mM ethanol for ethanol-treated plates so as to minimize evaporation of ethanol described in prior reports ([@R32]). Slices were fixed by placing 1 mL of 10% formalin solution on the top and bottom of each well for 30 minutes. Slices were then washed twice with phosphate buffered saline (PBS) and stored at 4°C until immunohistochemistry was initiated.

Effects of Aging in Vitro on CIE-induced Cytotoxicity {#S5}
-----------------------------------------------------

Following the initial studies described above, a separate set of experiments were conducted in which tissue was maintained in culture for the same length of time, and fixed at the same time point, as 3 cycles of CIE. These studies were designed to account for potential effects of aging on CIE-induced loss of NeuN immunoreactivity and thionine staining. In these studies, hippocampal slices were prepared, and maintained, as described above. At 5 DIV, slices were randomly assigned to one of the following treatment conditions: 1) 1 cycle of CIE, in which slices were maintained in ethanol-free medium for 16 days (with a medium change every 5 days prior to ethanol treatment) and then exposed to medium or medium containing 50 mM ethanol for 5 DIV, followed by a 24-hour withdrawal period; or 2) 2 cycles of CIE, in which slices were maintained in ethanol-free medium for 11 days (with medium changes every 5 days prior to ethanol treatment) and then exposed to medium or medium containing 50 mM ethanol for 5 DIV, followed by a 24-hour withdrawal period, and repeated two times.

Effects of Competitive NMDA Receptor Antagonist-APV on Cytotoxicity {#S6}
-------------------------------------------------------------------

To determine if cytotoxicity observed in tissue exposed to 3 CIE was NMDA receptor-dependent, the competitive NMDA receptor antagonist (2*R*)-amino-5-phosphonovaleric acid (APV; 40 µM; Sigma) was administered during periods of withdrawal. In these studies, slices were exposed to 50 mM ethanol for 5 days, followed by a 24-hour withdrawal period in which slices were exposed to ethanol-naïve medium either with or without APV. This treatment regimen was repeated during each of the 3 ethanol withdrawal periods. The concentration of APV (40 µM) was selected based on a previous report demonstrating that lower concentrations (i.e., 20 µM) of APV significantly attenuated the excitotoxic effects of 24-hour NMDA exposure in the pyramidal cell layer ([@R5]).

Immunoreactivity of neuron specific nuclear protein (NeuN) {#S7}
----------------------------------------------------------

Immunohistochemistry was performed on slice cultures with labeling of NeuN to compare the density of mature neurons in the pyramidal cell layers of the cornu ammonis (CA1 and CA3), and granule cell layer of the dentate gyrus. NeuN is expressed in nearly all post-mitotic and differentiating neurons and is detected by the monoclonal anti-NeuN antibody ([@R28]). NeuN has been recently identified as Fox-3, a member of the Fox-1 gene family, which is a splicing regulator of pre-mRNA ([@R21]). Following fixation, inserts were transferred to a plate containing 1 mL of permeabilization (wash) buffer (200 mL PBS \[Invitrogen\], 200 µL Triton X-100 \[Sigma\], 0.010 mg Bovine Serum \[Sigma\]), 1 ml of buffer was added to the top of each well and allowed to incubate at room temperature for 45 minutes to permeate cell membranes. Inserts were transferred to a plate containing 1 mL of PBS and 1mL of the primary monoclonal antibody mouse anti-NeuN (1:200; Sigma) was placed on the top of each well (after [@R5]) and stored at 4°C for 24-hours. Slices were washed twice with PBS and transferred to a plate containing 1 mL of PBS and 1 mL of goat anti-mouse secondary antibody fluorescein isothiocyanate (FITC) for NeuN-labeled cultures (1:200; Sigma) was placed on top of the well and stored at 4°C for 24 hours. Slices were washed twice with PBS and imaged immediately with a 5× objective lens. Imaging of cultures is described in detail below. A range of antibody concentrations was examined prior to the conduct of studies included in the present report. The concentrations of NeuN and FITC antibodies chosen were shown to have the least amount of background signal while maintaining a strong, specific signal within the regions of interest ([@R5]).

Hippocampal slices were imaged with SPOT software 4.0.2 (advanced version) for Windows (W. Nuhsbahm Inc.; McHenry, IL, USA) through a 5x objective with a Leica DMIRB microscope (W. Nuhsbahm Inc.; McHenry, IL, USA) connected to a computer and captured with a SPOT 7.2 color mosaic camera (W. Nuhsburg). FITC fluorescence was detected with a band-pass filter at 495 nm (520 nm emission). Densitometry using Image J software (National Institutes of Health, Bethesda, MD) was conducted to measure the intensity of FITC fluorescence. A background measurement was recorded for each slice and then subtracted from the measurement of each region of the hippocampus (the granule cell layer of the dentate gyrus and the pyramidal cell layers of the CA3 and CA1 regions). In the quantitative analyses of NeuN, raw values of NeuN immunoreactivity were converted to percent control values, and combined. N = 38--40 for each hippocampal cell layer.

Thionine Staining {#S8}
-----------------

Following immunohistochemistry, some of the slices were also exposed to 1 mL of 0.2% thionine stock on the top of each with 1 mL of PBS on the bottom of each well for 5 minutes. The inserts were then transferred to a plate containing 1 mL of PBS and 1 mL of 70% ethanol was placed on the top of the well for a 2-minute dehydration period. Slices were then washed twice with PBS for 5 minutes each and subsequently imaged. Hippocampal slices stained with thionine were observed with SPOT software 4.0.2 (advanced version) for Windows (W. Nuhsbahm Inc.; McHenry, IL, USA) through a 5× objective with a Leica DMIRB microscope (w. Nuhsbahm Inc.; McHenry, IL, USA) connected to a computer and captured with a SPOT 7.2 color mosaic camera (W. Nuhsburg). Densitometry using Image J software (National Institutes of Health, Bethesda, MD) was conducted to measure the brightfield intensity. Raw brightfield values were converted to percent control values within each region of the hippocampus to control for differences among replications. Thionine is a monochromatic dye which binds to Nissl substance\[s\] located on cytoplasmic RNA ([@R20]) and DNA content of all cell nuclei ([@R34]). N = 17--35 per treatment condition for each hippocampal region due to tissue loss during thionine staining.

Statistical Analyses {#S9}
--------------------

Each experiment included in the present report was conducted a minimum of two times using different rat litters composed of 10--12 rat pups per litter. Data from each replication were converted into percent control values and then combined to control for potential litter effects. Previous studies from our laboratory have demonstrated that the CA1 region may be particularly sensitive to excitotoxic insult ([@R5]). Thus, for the initial CIE immunohistochemical studies, a separate two-way ANOVA was conducted (treatment × sex) for each region of the hippocampus: pyramidal cells of the CA1 and CA3, and granule cells of the dentate gyrus. As no main effect of sex was observed, all data were collapsed into a one-way ANOVA (treatment). Statistical significance was determined at p\<0.05. Post-hoc analyses were conducted using Fisher's Least Significant Difference (LSD). For graphical representation of thionine data, mean data from each were condition were converted using the formula \[(x-100)-100\*(−1)\] so as to express data on the same scale used for the immunohistochemical data.

Results {#S10}
=======

Initial studies included in this report examined the number of cycles of CIE required to produce cytotoxicity (reflected by reductions of NeuN and thionine staining) in hippocampal slice cultures exposed ethanol (50 mM), followed by 1 day of withdrawal, and repeated either a total of 1, 2, or 3 times (i.e., 1, 2, or 3 CIE). Exposure to 3 cycles of CIE produced a 26% loss of NeuN immunoreactivity in the CA1 (F\[1,39\]= 23.16, *p*\<0.001; [Figure 2A](#F2){ref-type="fig"}), a 17% loss of NeuN immunoreactivity in the CA3 (F\[1,39\]= 6.46, *p*\<0.05; [Figure 2B](#F2){ref-type="fig"}), and 20% loss of NeuN immunoreactivity as compared to control values in dentate gyrus (F\[1,39\]= 9.67, *p*\<0.05; [Figure 2C](#F2){ref-type="fig"}). Notably, these decreases in NeuN immunoflourescence did not recover at 7 days post-withdrawal (data not shown).

Thionine staining was also consistently decreased as compared to control values by 61% in the CA1 (F\[1,34\]= 35.31, *p*\<0.001, [Figure 3A](#F3){ref-type="fig"}), 65% in the CA3 (F\[1,34\]= 28.89, *p*\<0.001, [Figure 3B](#F3){ref-type="fig"}), and 57% in the dentate gyrus (F\[1,34\]= 25.97, *p*\<0.001, [Figure 3C](#F3){ref-type="fig"}). Exposure to either 1 or 2 cycles of CIE did not result in decreases of either marker of neuronal viability in any subregion of the hippocampal formation ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Notably, exposure to 50 mM ethanol for 18 consecutive DIV, in the absence of any withdrawal, did not result in significant decreases of either marker in any hippocampal subregion ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

Effects of Aging in Vitro on CIE-induced Cytotoxicity {#S11}
-----------------------------------------------------

Following the initial studies described above, a separate set of experiments were conducted in order to account for potential effects of aging on CIE-induced loss of NeuN immunoreactivity and thionine staining. Therefore, in these studies, all tissue was maintained in vitro for a total of 23 days. Exposure to 2 cycles of CIE produced a 17% loss of NeuN immunoreactivity as compared to control values in the CA1 (F\[1,38\]= 7.94, *p*\<0.05; [Figure 4A](#F4){ref-type="fig"}), a 26% loss in the CA3 (F\[1,38\]= 8.15, *p*\<0.05; [Figure 4B](#F4){ref-type="fig"}) and a 23% loss in the dentate gyrus (F\[1,38\]= 9.67, *p*\<0.05; [Figure 4C](#F4){ref-type="fig"}). Thionine staining was also significantly decreased as compared to control values by 40% in the CA1 (F\[1,34\]= 13.73, *p*\<0.001; [Figure 5A](#F5){ref-type="fig"}), 35% in the CA3 (F\[1,34\]= 12.01, *p*\<0.001; [Figure 5B](#F5){ref-type="fig"}), and 48% in the dentate gyrus (F\[1,34\]= 25.22, *p*\<0.001; [Figure 5C](#F5){ref-type="fig"}). Worthwhile to note is that exposure to 1 cycle of CIE in these aged slice cultures did not result in decreases of either marker of neuronal viability in any subregion of the hippocampal formation ([Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}).

Effects of NMDA Receptor Antagonist-APV on CIE-induced Cytotoxicity {#S12}
-------------------------------------------------------------------

The role of the NMDA receptor on CIE-induced cytotoxicity was examined following 3 cycles of CIE. In these studies, slices exposed to 3 cycles of CIE were also exposed to 40 µM APV during periods of withdrawal from CIE. Exposure to 3 cycles of CIE produced a 12% loss of NeuN immunoreactivity as compared to control values in the CA1 (F\[3,37\]= 4.73, *p*\<0.05; [Figure 6A](#F6){ref-type="fig"}), a 15% loss in the CA3 (F\[3,37\]= 7.01, *p*\<0.05; [Figure 6B](#F6){ref-type="fig"}), and a 17% loss in the dentate gyrus (F\[3,37\]= 9.72, *p*\<0.001; [Figure 6C](#F6){ref-type="fig"}). Exposure to 40 µM APV reversed the decreases of NeuN immunoreactivity in the CA1 and dentate gyrus (*p*\<0.05; [Figure 6A and 6C](#F6){ref-type="fig"}), but only significantly attenuated these effects in the CA3 (*p*\<0.05; [Figure 6B](#F6){ref-type="fig"}). Thionine staining of slices yielded similar results as exposure to APV significantly attenuated the decreases of thionine staining in the CA1 (F\[3,34\]= 5.89; *p*\<0.05; [Figure 7A](#F7){ref-type="fig"}), CA3 (F\[3,34\]= 8.43, *p*\<0.05; [Figure 7B](#F7){ref-type="fig"}), and dentate gyrus (F\[3,34\]= 16.331, *p*\<0.05; [Figure 7C](#F7){ref-type="fig"}). Exposure to APV (40 µM) alone, in ethanol-naïve slices, did not significantly alter NeuN immunoreactivity nor thionine staining as compared to control values ([Figures 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}). Representative images of hippocampi exposed to ethanol-naïve medium and 3 cycles of CIE with or without the addition of APV are shown in [Figure 8](#F8){ref-type="fig"}.

Discussion {#S13}
==========

The present studies found that multiple cycles of CIE are required to produce cytotoxicity in hippocampal slice cultures, as reflected by significant decreases of NeuN immunoreactivity and thionine staining. Exposure to 50 mM ethanol for 5 DIV, followed by a single withdrawal period, did not result in significant decreases of NeuN immunoreactivity or thionine staining in any hippocampal subregion. These data are consistent with previous studies conducted in our laboratory in which exposure to ethanol (50 mM), followed by a single period of withdrawal, did not produce excitotoxicity in vitro ([@R6]; [@R36]). However, prior work has shown that chronic exposure to this concentration of ethanol produces a heightened sensitivity of hippocampal glutamatergic receptors systems to agonists ([@R35]). In contrast, exposure to 2 and 3 cycles of CIE in aged hippocampal slices produced consistent and significant decreases of NeuN immunoreactivity and thionine staining in the pyramidal cell layers of the CA1 and CA3, as well as the granule cell layer of the dentate gyrus. These data are consistent with findings in which exposure to CIE produced deficits, such as neurotoxicity in cortical neurons ([@R29]), increased seizure susceptibility ([@R22]) and EEG activity ([@R45]), as well as hippocampal neurodegeneration in vivo ([@R12]; [@R48]). The present findings expand on this literature by characterizing the distinct roles of ethanol exposure and withdrawal on the hippocampal injury produced by the CIE regimen. For example, exposure to 50 mM ethanol for 18 consecutive days (in the absence of any withdrawal) did not produce significant loss of NeuN immunoreactivity or thionine staining in any hippocampal subregion in the present studies. Further, NeuN immunoreactivity did not recover following 7 days of protracted withdrawal. These findings demonstrate the critical importance of the intermittent withdrawal in producing the long-lasting cytotoxicity observed.

Important to note is that the hippocampal explants were harvested from 8 day old animals, and maintained in vitro for up to 28 consecutive days. Thus, the present studies may represent the developing brain. However, prior studies conducted by [@R26] suggest that there are marked similarities between hippocampal cultures maintained in vitro cultures and age-matched in situ hippocampi, such as glutamate receptor binding distribution. Others suggest that that these cultures maintain mature features similar to the adult live animal, such as glial distribution and synaptic plasticity (Baher et al., 1995). The present studies may, therefore, model aspects of both the developing and mature brain.

In general, multiple cycles of CIE produced a more modest reduction of NeuN immunoreactivity as compared to the robust reductions of thionine staining. The reasons for these effects are unknown but probably reflect inherent differences regarding the neuronal selectivity of these markers ([@R20]; [@R28]; [@R34]; [@R47]). The robust decreases in thionine observed in the present studies could reflect a loss of neuronal and non-neuronal cells. For example, our previous work has shown that a single exposure to withdrawal produced significant and transient decreases of glial fibrillary acidic protein immunoreactivity in hippocampal slice cultures ([@R46]). Further, astrocytes express each of the known GluN subunits and are susceptible to prototypical NMDA receptor-mediated excitotoxicity ([@R24]). Thus, we suggest that both neurons and astrocytes demonstrate sensitivity to excitotoxicity during periods of withdrawal from CIE. It is interesting that decreases of both NeuN immunoreactivity and thionine staining produced by multiple cycles of CIE were ubiquitous in nature as they were observed in each examined subregion of the hippocampus (i.e., CA1, CA3, and dentate gyrus). Prior work employing this model with a single ethanol withdrawal has demonstrated a selective vulnerability of the CA1 pyramidal cell layer to the excitotoxic effects of withdrawal from a much higher concentration of ethanol ([@R32]). One possible interpretation of the present findings is the CIE regimen employed in these studies produced a greater extent of withdrawal excitotoxicity than did previous regimens using a single withdrawal given that multiple exposure and withdrawal cycles were employed in the current studies, producing a robust spreading of excitotoxicity from the pyramidal cell layer of the CA1 to other, proximal hippocampal cell layers. For example, Guiterrez and Heinemann (1999) found that de novo sprouting of mossy fiber tracts from granule cells of the dentate gyrus to the CA1 in organotypic explants promoted epileptiform-like activity in the dentate gyrus. Thus, this de novo plasticity of the model may be expected to contribute to this form of spreading excitotoxicity.

The present studies also examined the effects of in vitro aging on the loss of NeuN and thionine following exposure to multiple cycles of CIE. An effect of in vitro aging was observed in studies that employed a regimen of 2 exposure and withdrawal cycles. For example, exposure to 2 cycles of CIE initiated on DIV 11 (and maintained in vitro for 23 total DIV) resulted in significant decreases of both NeuN immunoreactivity and thionine staining in each examined hippocampal subregion. This effect was not demonstrated in slices exposed to the 2 cycles of CIE treatment regimen initiated on DIV 5 (and maintained in vitro for 16 total DIV). These findings are consistent with the notion that aged neurons are particularly vulnerable to excitotoxicity, likely thorough alterations in expression and/or trafficking of glutamate receptor subunits ([@R4]; [@R9]). In sum, the collective loss of NeuN and thionine suggest a decrease in the density of mature neurons following multiple cycles of CIE in the hippocampus.

The Role of NMDA Receptor Activation during Withdrawal from CIE {#S14}
---------------------------------------------------------------

NMDA receptors are heteromeric ionotrophic glutamatergic receptors, comprised of an obligatory NR1 and combination of NR2 (A--D) subunits ([@R14]; for a review, see [@R31]). During withdrawal from ethanol, overactivation of these receptors leads to excessive calcium (Ca2^+^) influx and subsequent cell death (i.e., excitotoxicity; [@R10]). Following CIE exposure, neuroadaptations in NMDA receptors can further potentiate Ca2^+^-mediated excitotoxicity. In one study, for example, exposure to CIE produced increases in NMDA receptor-mediated excitatory post-synaptic potentials (EPSPs) in the pyramidal cell layer of the CA1 of the rat hippocampus ([@R30]). As another example, administration of MK-801, a non-competitive NMDA receptor antagonist (0.1--0.3 g/kg), during periods of withdrawal attenuated CNS hyperexcitability during withdrawal from ethanol ([@R44]).

In the current studies, exposure to the competitive NMDA receptor antagonist APV completely prevented the loss of mature neurons in the pyramidal CA1 and Ca3 cell layers of the hippocampal formation, as well as in the granule cell layer of the dentate gyrus. These data suggest that the loss of mature neurons following multiple cycles of CIE is produced by overactivation of NMDA receptors during periods of withdrawal. This interpretation is supported by the work of Ticku and colleagues who demonstrated upregulation of GluN1 and GluN2B subunits in cortical neurons exposed to ethanol via a CIE regimen in vitro ([@R33]). Further, while the mechanistic underpinnings associated with producing these neuroadaptive changes in the NMDA receptor are not yet entirely understood, ethanol exposure is known to indirectly enhance NMDA receptor function through protein kinase A-dependent phosphorylation of these receptors prior to trafficking from extrasynaptic to synaptic sites ([@R8]). Therefore, it is likely that cytoxicity produced by CIE could be, in part, mediated by protein kinase A. In sum, the present findings indicate that withdrawal is required for NMDA receptor-dependent cytotoxicity in the rat hippocampus. These findings suggest that increased function of the NMDA receptor is likely associated with both the behavioral and neurodegenerative effects observed following multiple bouts of heavy ethanol consumption ([@R16]; [@R15]; [@R40]) observed in the clinical population.
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![Representative timelines of chronic, intermittent ethanol treatment of hippocampal slice cultures.](nihms661652f1){#F1}

![Effects of exposure to 50 mM ethanol for 5 DIV, followed by one 24-hour ethanol withdrawal period, and repeated for 1, 2, and 3 cycles of CIE, or continuous ethanol exposure (50 mM), in the absence of withdrawal, on the immunoreactivity of neuron specific nuclear protein (NeuN) observed in organotypic slice cultures. Within the pyramidal cell layers of the CA1 (A) and CA3 (B), and granule cell layer of the dentate gyrus (C), exposure to 1 or 2 cycles of CIE, exposure to continuous ethanol did not result in significant decreases of NeuN immunoreactivity as compared to control values (Figure 2). By contrast, 3 cycles of CIE in slices resulted in significant decreases of NeuN immunoreactivity as compared to control values in these hippocampal subregions (Figure 2). NeuN immunoflourescence was significantly decreased in hippocampi exposed to 3 cycles of CIE compared to hippocampi exposed to control medium (D). *p* \< 0.05 vs control; \*\* *p* \< 0.001 vs control.](nihms661652f2){#F2}

![Effects of exposure to 50 mM ethanol for 5 DIV, followed by one 24-hour period of ethanol withdrawal, and repeated for 1, 2, and 3 cycles of CIE, or exposure to continuous ethanol (50 mM) on thionine staining observed in organotypic slice cultures. Within the pyramidal cell layers of the CA1 (A) and CA3 (B), and granule cell layer of the dentate gyrus (C), exposure to 1 or 2 cycles of CIE, or continuous ethanol exposure did not result in significant decreases of thionine staining as compared to control values; whereas exposure 3 cycles of CIE in slices resulted in significant decreases of thionine staining as compared to control values in these hippocampal subregions (Figure 3). \*\* *p* \< 0.001 vs control. Thionine staining of Nissl bodies was significantly decreased in hippocampi exposed to 3 cycles of CIE compared to hippocampi exposed to control medium (D).](nihms661652f3){#F3}

![Effects of exposure to 50 mM ethanol for 5 DIV, followed by one 24-hour period of ethanol withdrawal, and repeated for 1 or 2 CIE in aged slice cultures on NeuN immunoreactivity observed in organotypic slice cultures. Within the pyramidal cell layers of the CA1 and CA3, and granule cell layer of the dentate gyrus, exposure to 1 cycle of CIE in aged slice cultures did not result in significant decreases NeuN immunoreactivity (Figure 4) as compared to control values; whereas exposure 2 cycles of CIE in aged slices resulted in significant decreases of NeuN immunoreactivity compared to control values in these hippocampal subregions (Figure 4). \**p* \<0.05 vs control.](nihms661652f4){#F4}

![Effects of exposure to 50 mM ethanol for 5 DIV, followed by one 24-hour period of ethanol withdrawal, and repeated for 1 or 2 CIE in aged slice cultures on thionine staining observed in organotypic slice cultures. Within the pyramidal cell layers of the CA1 and CA3, and granule cell layer of the dentate gyrus, exposure to 1 cycle of CIE in aged slice cultures did not result in significant decreases in thionine staining of Nissl bodies (Figure 5) as compared to control values; whereas exposure 2 cycles of CIE in aged slices resulted in significant decreases of thionine compared to control values in these hippocampal subregions (Figure 5). \*\**p* \<0.001 vs control.](nihms661652f5){#F5}

![Effects of exposure to 50 mM ethanol for 5 DIV, followed by exposure to APV (40µM) during the 24-hour period of ethanol withdrawal, and repeated for 3 CIE on the immunoreactivity of neuron specific nuclear protein (NeuN) in organotypic slice cultures. Exposure to 50 mM ethanol for 5 DIV, followed by a 24-hour period of ethanol withdrawal, and repeated for 3 CIE resulted in consistent and significant decreases of NeuN immunoreactivity as compared to control values in the pyramidal cell layers of the CA1 (A) and CA3 (B), and granule cell layer of the dentate gyrus (C). Exposure to APV (40 µM) during periods of withdrawal prevented the decreases of NeuN immunoreactivity in the CA1, CA3, and dentate gyrus; whereas exposure to APV in ethanol naïve slices did not significantly alter levels of NeuN immunoreactivity (Figure 6). \**p* \<0.05 vs control; \*\**p* \<0.001 vs control; \#*p* \<0.05 vs 3 CIE.](nihms661652f6){#F6}

![Effects of exposure to 50 mM ethanol for 5 DIV, followed by exposure to APV (40µM) during the 24-hour period of ethanol withdrawal, and repeated for 3 CIE on thionine staining in organotypic slice cultures. Exposure to 50 mM ethanol for 5 DIV, followed by a 24-hour period of ethanol withdrawal, and repeated for 3 CIE resulted in consistent and significant decreases of thionine staining as compared to control values in the pyramidal cell layers of the CA1 (A) and CA3 (B), and granule cell layer of the dentate gyrus (C). Exposure to APV (40 µM) during periods of withdrawal attenuated the decreases of thionine staining in the CA1, CA3, and dentate gyrus; whereas exposure to APV in ethanol naïve slices did not significantly alter levels of thionine (Figure 7). \*\**p* \<0.001 vs control; \#*p* \<0.05 vs 3 CIE.](nihms661652f7){#F7}

![Representative images of NeuN immunoreactivity and thionine staining in hippocampal slices exposed to 3 CIE, 3 CIE and APV (40 µM) during withdrawal, or ethanol- naïve control media.](nihms661652f8){#F8}

###### Highlights

-   CIE exposure produces persisting NMDA-receptor dependent cytotoxicity in the hippocampus

-   Withdrawal is required to produce cytotoxicity during CIE

-   Aged slices are more susceptible to cytotoxic effects of CIE
